tive to fusion in treating unstable lumbar spondylosis, 2, 14, 21 there has been no randomized controlled study addressing long-term outcome. To date, there is still a lack of strong evidence corroborating the concept of "dynamic stabilization."
The use of pedicle-based lumbar stabilization devices spares the need for graft incorporation and spinal fusion. However, demands for durability and mechanical strength of the implant are higher than those required for fusion. Few reports address the problem of screw loosening in the literature. The true incidence of screw loosening and its effect on clinical outcomes remain uncertain.
This retrospective study evaluated the rate of screw loosening in the Dynesys system and correlated image findings to clinical outcomes. This study cohort was the largest from a single center with a reasonable follow-up duration, although this duration was shorter than in studies for spinal fusion because no graft incorporation was involved.
Methods

Patient Enrollment
Eighty-two consecutive patients were enrolled based on operative indications of symptomatic lumbar spinal stenosis and/or Grade 1 degenerative spondylolisthesis presenting as low-back pain, radiculopathy, or neurogenic claudication that failed conservative treatment longer than 12 weeks. Surgical procedures included lumbar total laminectomy in addition to dynamic posterior stabilization using the Dynesys system. All patients were treated and followed-up at the Taipei Veterans General Hospital in Taipei, Taiwan. The patients provided informed consent for the retrospective analysis of their clinical data.
Seventy-one patients completed the clinical and radiological follow-up evaluations. Eleven patients were excluded from the study due to inadequate neurological or radiological evaluations, or were lost to follow-up. The mean patient age was 59.2 ± 11.65 years (range 23-80 years) and the mean follow-up duration was 16.6 months (range 8-29 months). There was slight female predominance (39 patients, 55%). The Dynesys system was implanted for 1 level in 29 patients and for 2 levels in 42 patients, with 368 total screws inserted (Table 1) .
Surgical Procedures
Patients were placed prone in natural lumbar lordosis with adequate cushions, and fluoroscopy was used routinely for confirmation of this positioning. Standard lumbar total laminectomies with foraminotomies were performed via midline incision for direct posterior decompression at indicated levels. The exiting and traversing nerve roots were probed to confirm the adequacy of decompression. Generous subdermal dissection through the same incision provided access to another 2 fascial incisions, one on each side, allowing a bilateral approach through the Wiltse plane. The Dynesys pedicle screws were then inserted and connected in the relatively avascular intermuscular plane. 24 All pedicle screws used in the series were standard titanium alloy, closed-head (side-loading) screws, without hydroxylapatite coating. The trajectory, length, and diameter of the screws used were previously determined based on preoperative CT scans and correlated with intraoperative measurements and fluoroscopic images. The polycarbonate-urethane spacer was inserted following the standard insertion techniques, with independent measurement using the pedicle distance gauge to tailor the length for every spacer. We attempted to hold the spinal segment in a more neutral anatomical position, avoiding excessive distraction on the facets; pre-and intraoperative fluoroscopic images were compared for confirmation. The tension cord was then assembled accordingly. In the setting of 2-level constructs, the lower level was always assembled first. A drainage catheter was placed before wound closure. Three fascial incisions (1 midline and 1 on each side for the Wiltse plane) and the midline skin excision were closed by interrupted sutures.
Clinical Evaluations
Charts, radiological imaging, and medical records were reviewed. Neurological examination and functional assessment were recorded preoperatively, at 3 weeks, and at 3, 6, 12, and 24 months postoperatively. Two independent nurse specialists under supervision of the attending physicians conducted the evaluations. Short questionnaires were completed, including the VAS for back pain and the ODI for functional disability. 6 
Radiographic Evaluations
In every patient, the following preoperative images were obtained: standing anteroposterior and lateral radiographs, dynamic lateral radiographs (flexion-extension views), lumbar spine CT scans, and lumbar spine MR imaging. All patients underwent anteroposterior plain radiography and lumbar spine CT scans within 1 week postoperatively, or as soon as the drains were removed. The follow-up protocol included anteroposterior and dynamic (flexion-extension) radiographs at 3, 6, 12, and 24 months postoperatively. Lumbar CT scans confirmed questionable screw loosening. 
Definition of Radiographic Loosening of Screws
On digital anteroposterior radiographs, a wide (> 1 mm) radiolucent zone surrounding the screws, regardless of length of lucency, was described as a "halo zone sign," and was defined as radiographic loosening (Figs. 1A and 2A). 4, 16 Sometimes the films were difficult to read because of bowel gas, body mass, or osteoporotic changes. The "double halo" sign was used to confirm the diagnosis if later radiographs were available (Figs. 1C and 2C). The "double halo" was described as a radiolucent rim surrounding the screw that is framed by the rim of radiopaque dense bone trabiculae. 4 The radiologists and neurosurgeons resolved all ambiguities by consensus. The radiographic signs used for determination of screw loosening were usually better appreciated on anteroposterior than on lateral radiographs. (Figs. 1B, 1D , 2B, and 2D).
Statistical Analysis
The statistical program SPSS version 17 (SPSS Inc.) was used to perform all statistical analyses. Data were analyzed using the chi-square test and Student t-test, where appropriate. Statistical significance was accepted at a probability value < 0.05.
Results
Radiographic Follow-Up
Dynamic stabilization was applied to 1 disc level in 29 patients and to 2 disc levels in 42 patients. Of the 368 screws inserted and evaluated in this series, 17 screws (4.6%) in 14 patients (19.7%) were loose according to radiographic examinations. The distribution of screw loosening was: 5 screws in 5 patients from the 1-level stabilization group and 12 screws in 9 patients from the 2-level stabilization group (Table 2) . Interestingly, none of the loose screws in the patients with 2-level stabilization were found at the middle segment.
One malpositioned screw was identified on a postoperative CT scan. This malpositioned screw was a breach without compromising the nerve roots. There was no screw breakage or other instrumentation failure in the patient series. There were no wound infections and no secondary surgery was required.
Of the 14 patients (19.7%) with screw loosening, 8 were first found to have screw loosening on radiographs obtained 3 months postoperatively, whereas the other 6 patients were found to have loose screws 3-6 months postop- eratively. Regarding confirmation of screw loosening, the interval between the halo zone sign and the double halo sign was 0-3 months in 7 patients, 6-12 months in 6 patients, and 16 months in 1 patient.
The group with loose screws had 14 patients (5 women and 9 men) with a mean age of 62.3 ± 7.25 years (range 47-77 years), whereas the group with solid screws had an average age of 58.3 ± 12.40 years (range 23-80 years; p = 0.223; Table 3 ). Thus, age was not related to screw loosening. However, if the patients were placed into a subgroup < 55 years old or ≥ 55 years old, almost all loosening (except 1) happened within the group ≥ 55 years old (p = 0.025). Sex also had no significant effect on screw loosening (p = 0.109) ( Table 3) .
Neurological Evaluations
The overall mean preoperative VAS score was 5.8 ± 3.34 (range 3-10), consisting of 5.7 ± 3.45 (range 3-10) for the solid screw group and 5.9 ± 2.99 (range 3-10) for the loose screw group. The mean preoperative ODI score was 50.4 ± 20.34% (range 22-91%), including 52.1 ± 20.92% (range 22-91%) for the solid screw group and 43.5 ± 16.78% (range 32-91%) for the loose screw group (Tables 4 and 5 ).
The mean postoperative VAS score for low-back pain was 2.7 ± 2.59 (range 0-9), consisting of 2.9 ± 2.68 (range 0-9) for the solid screw group, and 2.1 ± 2.14 (range 0-7) for the loose screw group. The mean postoperative ODI score was 25.3 ± 19.4% (range 0-67%), including 24.6 ± 19.8% (range 0-67%) for the solid screw group and 28.0 ± 18.2% (range 4-51%) for the loose screw group (Table 3) .
Comparing the latest VAS score with the preoperative VAS score, low-back pain improved significantly after surgery in both groups (p = 0.003 for the loose screw group and p < 0.001 for the solid screw group). Similarly, there was significant improvement in the ODI (p = 0.006 and p < 0.001, respectively; Tables 4 and 5 
Discussion
Arthrodesis is a well-accepted strategy in the surgical treatment of degenerative lumbar spondylosis, with satisfactory outcomes. 7, 22 Achieving fusion has therefore been the goal of every spine surgeon for decades. However, there are a few reports in the literature of patients with failed spinal fusion and pseudoarthrosis that have comparable clinical outcomes as solid fusion. 7 There is the hypothesis that the reduction, rather than the elimination, of lumbar segmental motion results in alleviated back pain. 9 Moreover, the issue of adjacent level disease resulting from spinal arthrodesis has drawn much attention in the past. Despite insufficient data, various dynamic stabilization systems have been developed to neutralize noxious forces as well as to restore the normal movement of the spinal segments. The Dynesys neutralization system, as a pedicle screw-based system, is compatible with direct decompression procedures without requiring the presence of the posterior element, which interspinous stabilizers rely on. 21 The techniques basically decompress the neuroforamen while sparing the need for interbody arthrodesis or posterolateral fusion. Thus, it inherently avoids donor-side morbidity from fusion with autogenous iliac crest graft, decreases intraoperative blood loss, reduces muscle dissection, and shortens operative time. The Dynesys neutralization system reportedly maintains enough stability to prevent further progression of spondylolisthesis with shorter operation time, and less invasiveness. 17, 19, 21 However, scant data in the literature provides little information regarding long-term results of such lumbar dynamic stabilization.
One major argument against the dynamic stabilization system is the possibility of implant failure.
19 A broken Dynesys pedicle screw implanted in a multiple sclerosis patient with abnormal gait patterns is reported by Schnake et al. 19 and Schaeren et al. 17 Di Silvestre et al. 5 reported no implant-related complications (screw loosening or breakage) in another series of 29 patients. Despite the limited numbers reported, the Dynesys stabilization system appears to be superior to the rigid pedicle-screw fixation systems in terms of rate of screw breakage. 12, 13 Such results lead to the assumption that the Dynesys stabilization system offers more biomechanical flexibility than the rigid fixation system, which minimizes the incidence of broken screws. 18 On the other hand, more flexibility may translate the shearing force onto the vertebral body, resulting in screw loosening. The incidence of loosening per screw and percentage of patients with implants reported in the current study is similar to previously presented data. Stoll et al. 21 report 10 loose screws (in 7 patients) out of 280 total screws (3.6%). In 1 of the 7 patients, a radiologically suspected screw loosening correlated with clinical symptoms and necessitated a secondary intervention 14.5 months postoperatively. These investigators also noticed that most loose screws appeared in early postoperative radiographs (< 6 months) and none appeared later than 1 year postoperatively. In contrast, in the current report, all cases of screw loosening were discovered within 6 months postoperatively.
Schnake et al., 19 in a series with a minimum 2-year follow-up, reported that 4 (17%) of 24 patients had potential implant failure. They noted 4 pedicle screws with radiolucent lines and 1 broken pedicle screw out of 96 screws. The same patient population was continually followed-up for another 2 years by Schaeren et al., 17 who reported no new cases of screw loosening between the 2-year and the 4-year follow-up evaluations. The loosened screws in 3 patients remained radiologically unchanged, without evidence of progression of instability until the end of observation.
Di Silvestre et al. 5 reported a series of 29 elderly patients in which 4 cases (13.8%) had asymptomatic radiolucent lines around the screws of the S-1 level without screw loosening. This finding appeared to be questionable as to whether the screws were solid or moving. Moreover, these investigators claimed no other implant failures. Compared with these data, the percentage of screw loosening in the current study is slightly higher. One explanation is that the patients have been actively followed-up in a prospectively scheduled manner, whereas patients in previous reports have not.
It is interesting to note that radiologically loosened screws have never occurred in the middle segment of vertebral bodies (for the 2-level stabilization). It is an assumption that screws inserted into the marginal segments have greater strength loading than those in the middle segment. As a result, loosening of screws is more likely to occur at the marginal segments. However, current data does not support this hypothesis and further biomechanical studies are warranted.
The present study has been conducted in Taiwan, a region with a high prevalence of osteoporosis. It is reported that in the Taiwanese population, especially among those aged > 50 years, the average prevalence of osteoporosis is 11.4% in women and 1.6% in men. 23 Most patients with radiologically loose screws in this study were ≥ 55 years old (13 of 14 patients). Even though none of them had proven osteoporosis using dual-energy x-ray absorptiometry, the possibility of preexisting osteopenia cannot be completely ruled out. According to the experience of Schwarzenbach et al., 20 pedicle-based dynamic stabilization devices such as Dynesys have limitations in elderly patients with osteoporosis. It is crucial to conduct the more demanding techniques during pedicle screw placement to avoid multiple tapping or the backing out and readvance of the screws. Meanwhile, the fact that this system does not require fusion may be considered an advantage over spinal fusion procedures in patients with a high risk of arthrodesis failure, such as cigarette smokers.
Loosening of screws implies more range of motion in the stabilized lumbar spine segments than expected, which can be problematic. In contrast, the data here reveal similar outcomes in patients with or without screw loosening. The clinical results of the VAS for low-back pain and the ODI for functional disability improved significantly, regardless of screw loosening ( Figs. 3 and 4 ; Tables 4 and 5 ). These data further challenge most spine surgeons' concept that failure of arthrodesis correlates with symptomatic back pain. Schaeren et al. 17 also report that neither screw breakage nor loosening causes symptoms or back pain. It is possible that pedicle-based dynamic stabilization devices unload the posterior elements by transmitting the weight loading anteriorly. Thus, the degenerated spinal segment is unloaded with controlled motion, instead of complete immobilization by arthrodesis. 11 The hypothesis that the reduction (rather than the elimination) in segmental motion results in the alleviation of back pain is corroborated. 9 Regarding the radiographic definition of screw loosening, the radiolucent line, or "halo" sign, noted on plain radiographs can be vague due to overlapping bowel gas, fecal material, body mass, osteoporotic changes, or even digital magnification. Dakhil-Jerew et al. 4 report using a "radiolucent zone sign" together with a "double halo sign" based on plain radiographs for detecting screw loosening in dynamic stabilization devices. The experience here of using their method shows that the duration between the occurrence of the halo zone sign and that of the double halo sign is 0-3 months in 7 patients, 6-12 months in 6 patients, and 16 months in 1 patient. Thus, if 1 screw is suspected of being loose, the double halo sign can be used to confirm the diagnosis in the next follow-up, with high concordance.
Conclusions
In this preliminary study of a pedicle-based dynamic stabilization device for 1-and 2-level lumbar spondylosis, radiographic loosening of pedicle screws occurred in 19.7% of patients and 4.6% of screws. Nonetheless, the loosening of screws had no adverse effect on clinical improvement.
